Introduction {#sec1-1}
============

An increased incidence of papillary thyroid carcinoma (PTC) in Crete, with a synchronous stability in the other carcinoma subtypes, is reported. Among the risk factors for developing thyroid cancer, the most established one is ionising radiation ^[@ref1]^. Data obtained from studies involving patients subjected to external radiation and more recently the Chernobyl accident, show that radiation plays an important role in thyroid carcinogenesis and principally in PTC ^[@ref1]^.

The island of Crete is the southernmost part of the European continent and is located in the eastern Mediterranean Sea. It spreads over an area of 8261 km^2^ and according to the latest census has 800,000 inhabitants.

We investigated the demographics of PTC as found in specimens of total thyroidectomies performed in an academic tertiary referral medical centre during the last 22 years, and estimated the risk of disease in relation to the gamma ray distribution in the years since 1990.

Methods {#sec1-2}
=======

Sample and study design {#sec2-1}
-----------------------

This study was conducted by three departments (Department of Surgery, Department of Surgical Oncology, and Department of Otorhinolaryngology, Head and Neck Surgery) of an academic tertiary referral medical centre (University Hospital of Crete, Heraklion, Crete, Greece), among 4285 patients who underwent total thyroidectomy between 1990 and 2012. Patient records were placed in a database, which included demographics, history and biopsy results. Histopathological slides were reviewed thoroughly in all cases, with a special focus on PTC, since this type is the most frequent type. Patients who had previously undergone a partial thyroidectomy, or who were previously diagnosed with another primary carcinoma elsewhere, were excluded from the study. All patients included in the study were born before 1986.

A geo-spatial statistical model was used to estimate the anticipated number of PTC cases in the whole region of Crete. Additionally, the mean gamma-ray distribution in Crete and its correlation to patient distribution was identified. The data were collected from the Greek Atomic Energy Commission (GAEC) ^[@ref6]^ Gamma-ray records. Data of gamma-ray (nSv/h) distribution were calculated as mean values for one year period per station in Crete. The analysis was performed in the Arcmap 10 Geographical Information Systems (GIS) ^[@ref7]^.

Geo-spatial analysis {#sec2-2}
--------------------

Spatial distribution of the numbers of thyroidectomies performed per prefecture, as well as the number of thyroidectomies performed per 100,000 people, together with the basic demographic characteristics (age and gender) was performed using the Arc map's toolbox construction, in a thematic map. The island of Crete is divided in four prefectures, as is shown in [Figure 1](#fig001){ref-type="fig"}. Since patient records could probably be biased due to the fact that these were patients treated in a single medical centre on the island, a prediction map (Kriging interpolation) was constructed. The same procedure was also done for the gamma-ray records, as shown in [Figure 2](#fig002){ref-type="fig"}.

Kriging interpolation prediction model was applied using both patient and gamma-ray data to estimate their distribution throughout the island ^[@ref8][@ref9]^. This was distributed in a prediction map after having verified the reliability of the prediction model through its semi-variogram and cross-validation process. The Kriging interpolation model is a technique to interpolate the value of a random field (e.g. patients, gamma-ray values) at an unobserved location from observations of its value at nearby locations, using mathematical polynomials. Specifically, it estimates the number of cases in areas where there are no records from the database, based on known records and their spatial trends ^[@ref7]^. Through this procedure two sets of data were examined both as independent and dependent phenomena and the prediction was measured as the estimated number of patients per 50 km^2^ (randomly selected).

Finally, geographical weighted regression (GWR) was performed to estimate the risk of disease in relation to gamma ray distribution, as well as gender and age at a confidence level of 95%. The GWR is a local version of spatial regression that generates parameters disaggregated by the spatial units of analysis. Therefore, it allows assessment of the spatial heterogeneity in the estimated relationships between the independent and dependent variables ^[@ref9][@ref11][@ref12]^. The ethics committee for research of the University Hospital of Crete approved the study, based on the anonymous processing of personal health information.

Results {#sec1-3}
=======

Our series consisted of 4285 patients; 308 patients were from out of Crete, for example islands close to Crete (Santorini, Rhodes), and were were excluded from the study. The percentage of PTC per prefecture was almost standard, about 25%. That means 52 patients in prefecture of Chania, 117 patients in prefecture of Lasithi, 126 patients in the prefecture of Rethymno and 701 patients in prefecture of Heraklion. According to the population its prefecture as it seen in [Figure 1](#fig001){ref-type="fig"}, the distribution is heterogeneous among the different prefectures of the island of Crete, ranging from 13.8 patients per 100,000 people in Chania to 95.7 patients per 100,000 people in Heraklion. Rethymnon and Lasithi follow with 61.7 and 61.05 patients per 100,000 people respectively (P \< 0.001). Similarly, the age distribution of these patients varies significantly (P = 0.02) among the different prefectures. The mean age of the patients is calculated at the year of 2013 from the database. The mean age of patients in Heraklion is much higher than in the other prefectures (mean age = 51.66). Conversely, the lowest mean age appears in Chania (mean age = 43). The mean age of patients at the time of the Chernobyl accident falls within the range of 18 to 25 years old prospectively. On the other hand, gender distribution is almost homogeneous among the prefectures (P = 0.63), with the proportion of men/women to be 1 (men) in 3 (women).

In order to deal with possible data bias (due to the fact that all patient records originate from a single hospital in Heraklion), the prediction map was produced and estimated the expected number of cases with PTC, in the overall region of Crete ([Fig. 2A](#fig002){ref-type="fig"}). Values range from 1 to 8 patients per 50 km^2^. A higher number of cases (incidents) were expected in all municipalities of Heraklion and in most of the municipalities of Lasithi (ranging from 4.5 to 8 cases per 50 km^2^), whereas lower numbers of patients were expected in Chania (almost 1 to 2 patients per 50 km^2^) and in Rethymnon (1.5 to 4 patients per 50 km^2^).

Using the same model, a prediction map was created for the mean gamma-ray distribution ([Fig. 2B](#fig002){ref-type="fig"}) with values ranging from 20 to \> 80 nSv/h. The gamma-ray distribution seems to follow a similar spatial pattern with the case distribution (prediction). Higher values appear in Heraklion and Lasithi (reaching even 60-80 nSv/h), in contrast to Rethymnon and Chania, where lower values are expected although there are regions (hot spots) with extremely high values (70-80 nSv/h). Such regions are marked with red colour and are seen inside the administrative borders of the municipalities of Foinika and Nikiforou Foka in the prefecture of Rethymnon, and Chania, Acrotiriou, Platania and Krioneridas in the prefecture of Chania (outlined with a black circle in [Figure 2](#fig002){ref-type="fig"}). Several patients with PTC are observed all over the island identifying the regions where higher values of gamma-ray are distributed, highlighting a strong spatial variation.

Finally, in [Table I](#table001){ref-type="table"} and [Figure 3](#fig003){ref-type="fig"}, the results of the GWR are presented identifying both the risk factors and the high risk areas for PTC at a given time. As observed in [Table I](#table001){ref-type="table"}, all three factors examined were found to be statistically significant for the distribution of PTC in Crete. Women presented higher risk (ExpB = 2.34; 95% CI = 1.359-3.028; ***p*** \< 0.001) than men, that is compatible to the current literature ^[@ref13][@ref14]^, while, for every year of increase in age, the risk for PTC increases almost 2.19 times (95% CI = 1.092-4.517; ***p*** = 0.04). Finally, the gamma-ray was determined as a significant risk factor that has a proportional correlation with the case distribution (***p*** = 0.03). This is particularly true for the high values of gamma-ray (\> 60 nSv/h), which present a higher risk for the disease (OR = 2.89; 95% CI = 1.682-4.989; ***p*** = 0.03).

Furthermore, the interaction of these risk factors in relation to the observed and estimated number of patients is demonstrated in a risk map ([Fig. 3](#fig003){ref-type="fig"}), which identifies the high risk areas for PTC. Moreover, it outlines the prefectures that call for potential intervention and further research. Thus, the prefectures were clustered in three groups according to the degree of estimated risk (yellow: low risk, orange: high risk, red: very high risk). Even though the prefectures of Chania and Rethymnon were found to present 1.65 times greater risk for PTC in comparison with areas with normal levels of gamma-ray exposure, they were characterised as relatively low risk (95% CI = 1.037-2.383; ***p*** \< 0.001). Additionally, the prefecture of Lasithi presented higher risk (RR = 2.49; 95% CI = 1.299-4.018; ***p*** \< 0.001), while the prefecture of Heraklion presented the highest risk (RR = 3.12; 95% CI = 1.739-5.001; ***p*** \< 0.001). All estimations were found to be statistically significant, identifying areas of high risk with reliability.

Discussion {#sec1-4}
==========

The increased incidence of thyroid cancer in the island of Crete corresponds to an increase in PTC form of thyroid cancer ^[@ref13]^. It should be mentioned that an increased incidence of PTC was also noticed in the mainland of Greece, but has been correlated with the increased incidence of papillary microcarcinoma detection ^[@ref14]^, as well as changes in the diagnostic approach boosted by more careful histopathological examination ^[@ref15]^. Among the risk factors for thyroid cancer, the most established is ionising radiation ^[@ref16]^. Twenty-five years ago, on the 26^th^ of April 1986, a nuclear power plant catastrophe took place in Chernobyl, near Kiev, in the Ukraine leading to the worst nuclear power plant accident in history. Among the residents of Belarus, the Russian Federation and Ukraine, there had been, up to 2002, about 4000 cases of thyroid cancer reported in children and adolescents that were exposed to radiation at the time of the accident ^[@ref17][@ref18]^. Other data obtained from studies involving patients subjected to external radiation show that radiation plays an important role in thyroid carcinogenesis and principally in PTC ^[@ref18]^.

Although in Greece there is no heavy industry and no use of radioactive agents, there was a remarkable geographical variability of radiation contamination. The radioactive agents should have been delivered to the island of Crete because of the changes of the climatic phenomena in accordance with the climate changes that were occurred the last decades worldwide. For example, the increased radiation contamination in Crete may be correlated with the increased rainfall volume noticed from period after Chernobyl accident. It is noticeable that rainfall volume in May 1986 (33.5 mm) was 2.54 times higher than average (13.16) of the last 50 years, according to Hellenic National Meteorological service ^[@ref21][@ref22]^. The radiation contamination is certainly linked to the "coloured rain phenomenon", as in rain falling from clouds that contain dust from the Sahara Desert and North Africa region, almost covering each year at certain time the entire mainland of Greece ^[@ref22][@ref23]^.

Another possible mechanism of transmission is via underground water flow and seawater flow. According to recent research, increased concentrations of radioactive agents such as caesium-137 (Cs-137) and plutonium-239 were detected in the water column along the Algerian costs. The Cs-137 activity concentration in surface water increased from the west to the east, documenting a presence of modified Atlantic water in the region. Higher concentrations observed in deep waters may be due to an intrusion of Levantine intermediate water, which carries higher levels of Cs-137. These agents should be also transported by advection to maintain the observed ratios in deep waters ^[@ref24]^.

In the past, dietary patterns have been associated with the aetiology and increased incidence of thyroid cancer. Nowadays, Greek dietary patterns are rich in raw vegetables, thus protective against thyroid cancer, whereas no association with PTC is found ^[@ref25][@ref26]^. It should also be mentioned that the available salt in Greece is iodine enriched; therefore, an association between nutrition and an increase in thyroid cancer cannot be easily established.

Additionally, overtreatment or overdiagnosis was ruled out in a previous study, and our study is based on true evidence of thyroid cancer and consist of patients who were definitely diagnosed with PTC after thyroidectomy. A silent subtype case of PTC represents an accidental finding with no clinical suspicion and sometimes possibly reflects an overdiagnosis. An upward trends of thyroid cancer worldwide has also been associated with increased diagnostic activity because of more sensitive diagnostic tests ^[@ref27]^. The use of more sensitive tests is associated with more accurate diagnosis of early stages of the disease. However, it may not explain the apparent increase in the incidence of larger lesions e.g. \> 1 cm. During the last three years in our hospital, we include elastography as a prerequisite test prior to thyroidectomy ^[@ref28]^. Thus, due to the extensive use of elastography, the need for preoperative FNA has been decreased ^[@ref29]^ and been used after performing elastography by unclear imaging results.

This study has a high level of significance mainly due to its large sample size and the means of data analysis. Spatial statistics and mathematical polynomials are methods of high scientific significance that provide the ability to test for possible statistical errors and correct the final prediction model.

Conversely, there are also some limitations in this study, initially the fact that all the patient data were obtained only from one hospital in the Prefecture of Heraklion. Even though this is the main referral medical centre in Crete, there is still the General Hospital of Chania in which thyroidectomies are also performed. This is the main reason for the significantly lower number of thyroidectomies in the prefecture of Chania ([Fig. 1](#fig001){ref-type="fig"}). Therefore, we tried to overcome this limitation by estimation of the expected number of thyroidectomies ([Fig. 2A](#fig002){ref-type="fig"}). Additionally, these data were derived from different periods of time and were not analysed as contemporal data in this study. Thus, a spatio-temporal analysis of these data is suggested in a future study. At the same time, even though the data about gamma-ray were obtained from two reliable, official sources, the estimations were made from specific stations on the island covering most of its surface but not all of it. Although the interval radiation level was not higher than the international recommendation standards for radiation, which is 1 mSV/y, in this study it is shown that there is increase of incidence of the PTA which corresponds to higher radiation levels. The methods of analyses selected for this study aimed to stay within with these limitations and provide data smoothing and estimation of expected values where no data were available.

The spatial regression model helps to identify the risk for disease with statistical confidence, while it offers an interesting result when it was compared with the distribution map ([Fig. 1](#fig001){ref-type="fig"}). It also should be mentioned that our hospital is the major institution in the island which refers from all other minor hospitals. In [Figure 3](#fig003){ref-type="fig"}, the prefectures of the lowest risk are those of Chania and Rethymnon. This is an important variation since the prefecture of Rethymnon had the second highest rates per 100,000 people ([Fig. 1](#fig001){ref-type="fig"}). This indicates a strong predisposition to the future number of patients expected to develop PTC, and to the influence of gamma-ray exposure as a risk factor.

Conclusions {#sec1-5}
===========

By correlation of geographical distribution of PTC cases in the island with the geographical distribution of radiation, it is obvious that the gamma-ray distribution follows the spatial pattern of the disease and its estimated rates. This is verified not only by observing the two maps ([Fig. 2](#fig002){ref-type="fig"}), but also by the results of the GWR model that mathematically proves their significant correlation ([Table I](#table001){ref-type="table"}).

On the 11^th^ of March 2011 another nuclear accident took place, in Fukushima, Japan. In Japan, a number of prospective epidemiological studies on human health risks from low-dose radiation exposure and comprehensive health protection from radiation have been organised ^[@ref30]^. The public concerns about the long-term health effects of radioactive environmental contamination have increased based on the lessons learnt from the Chernobyl nuclear power plant accident. Our estimates are expected to be verified in the near future and if used by clinicians with the help of a field epidemiologist, could be the basis for future interventions, prevention, screening, or more aggressive treatments.

Dimitra Sifaki-Pistolla, PhD in the Department of Social and Family Medicine of the University Hospital of Crete for the statistical software support.

![Spatial distribution of thyroidectomy cases performed, age and gender. The island of Crete is divided in four prefectures, light grey = Chania, grey = Rethymno, dark grey = Heraklion, white = Lasithi.](aoi-2018-04-310-g001){#fig001}

![**(A)** Prediction map of cases of expected number of thyroidectomies per 50 km^2^; **(B)** Prediction map of expected numbers of gamma-ray in nSv/h, in the island of Crete.](aoi-2018-04-310-g002){#fig002}

![Map of risk areas per prefecture, in relation to the risk factors, the observed and expected number of PTC, according to the GWR model (RR = relative risk, Exp B = exponentiation of the B coefficient, Cl = Confidence Interval).](aoi-2018-04-310-g003){#fig003}

###### 

Gamma-ray, gender and age as possible risk factors of the disease in Crete according to the GWR model.

  Factors             Exp B (95% CI)       P value
  ------------------- -------------------- ----------
  Gender              \-                   \< 0.001
  Men                 1                    \-
  Women               2.34 (1.359-3.028)   \-
  Age                 2.19 (1.092-4.517)   0.04
  Gamma-ray (nSv/h)   \-                   0.03
  \< 60               1                    \-
  \> 60               2.89 (1.682-4.989)   \-

Cl = Confidence Interval, Exp B = Exp B = exponentiation of the B coefficient.
